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rMK 1 iCLfc SYNTHESIS APPARATUS AND MEmOD 



Field of the Invention 



The present Invention relates to an apparatus and method for enhancing 
mass transfer between two substances in different phases which are to be mixed 
or one suspended or dissolved in the other. It has ,;articular but not exclusive 
application to suspending or dissolving particles of a substance, such as a 
phannaceutlcai or biological substance, in a soWenL 



Background 
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Throughout this specification, unless stated othenwise. where a document 
act or rtem of knowledge is refen^ to or discussed, this reference or discussion is 
not an admission that the document, act or item of knowledge, or any combination 
thereof, at the priority date, was part of the common general knowledge. 

The Invention has many applteations but is described herein the context of 
using dense gases orsupencritical fluids to manipulate a substance. 

15 Dense gas techniques utyislng fluids, near or above their critical point, as a 

solvent or anti^olvent have been developed in recent yeare. At least two dense 
gas methods have been considered for the production of solid particles, bott, of 
Which include a step of dissolving the solid in a solvent The fi,^t method is known 
as the Rapid Expansion of Supercritical Solutions (RESS). and involves expanding 
20 a supercritical solution of ttie material of Interest ttirough a nozzle. Whilst providing 
an effective method for producing particles in some cireumstances. the 
applicability of the RESS metf,od is limited by the low solubility of proteins and 
other pham,aceuticals in dense gasses. To overcome this, a high solvenfsoiute 
ratio required, which increases costs in bott, purchasing and handling tt,e high 
25 volumes of solvent required. Even so. precesslng times are tong given mass 
transfer limitations of the process as the particles are fom,ed. In effect. tt,ese 
processing times impose a limit on the maximum flow rate of the dense gas. 

The second method, known as tf,e gas anti^lvent (GAS) process, Im«,lve8 
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rapidly precipitating solutes from organic solutions, typically using an anti-solvent, 
such as dense carbon dioxide. The anO^olvent expands the solution, thereby 
decreasing the solvation power of the solvent, and eventuaOy resultiiig in the 
precipitation of the solute. Gas anti-solvent processes have been utilised for the 
generation of micron-sized particles in two modes. The first mode, known simply 
as the gas anH-solvent process (GAS), involves the gradual addition of an anti- 
solvent to the organic solution containing the solute untn the precipitation occurs. 
The second mode, known as the Aerosol Solvent Extraction System (ASESX 
involves continuous introducOon of a solution containing the solute of biterest 
through a nozzle into a flowing dense gas stream. As the solution is sprayed In to 
the dense gas. high degrees of supersaturation result in the precipitation of fine 
parBcles. However, again, these processes are inefncient as they provide limited 
contact between the solute and the dense gas, which Mts the efficiency of the 
process. 



15 One example of a known apparatus for the RESS process is set out in 

Rgure 1. As can be seen, solvent (such as COj) enters a pump B at A and flows 
through a valve C where its path divides, which Is controlled by valves D and E. 
COa proceeding to the equilibrium cell F via heating con G enters the cell in which 
the solute has already been tocated. The solute dissolves In fhe equilibrium cell F. 

20 This step is usually rate-limiting for the wrhole pft>cess. Fnter H preverits 
undissolved solute from passing further through the system. Equilibrium cell F is 
located within water bath J which is maintained at a constant temperature by 
heater K. The C<Vsoiute "solutton" then passes from filter H at a temperature and 
pressure monitored by the temperature indicator Tl and pressure indicator PI and 

25 through valve D to heated region L into an expansion chamber M where 
precipitation of the solute occurs. This may be assisted by direct solvent passing 
liom valve C through heating coU N and valve E. Particles can be retrieved from 
expansion chamber M and some are trapped by filter P where they are carried by 
the exhaust of the solvent 

30 This invention is directed towards an apparatus which operates in a more 

efficient manner and enables greater and quicker solution dissolution of solute in 
the solvent whfch is often a rate-limiting step as outlined above. 



Summary of the Invention 
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The Invention therefore provides an apparatus for dissolving or suspending 
a substance in a solvent, the apparatus comprising: 

an outer chamber having an inlet for fluid and an outlet for fluid and 
5 adapted to contain a dense gas or supercritical fluid; 

a porous chamber located within the outer chamber adapted to 
contain the substance; and 

means to create turbulence within the porous chamber. 

It has been found that this apparatus, used In place of equilibrium chamber 
10 F in Figure 1 (and which does not require water bath J either) enables faster and 
better dissolution of solute in the super critical fluid (eg. CO2 ). 

In a preferred form of the invention the porous chamber is manufactured from a 
sintered material, preferably stainless steel. The porous chamber may be 
cylindrical In shape, with the base and sides being porous. The pores In the 
wall(s) and base of the porcjus chamber are preferably created by sintering. The 
pores may be about 0.6 to 5 microns diameter, preferably about 1 micron. The 
outer chamber may conveniently be an autoclave. 

In one example, the porous chamber is cylindrical in shape, with a diameter 
of about 50 mm and height of 100 mm In an outer chamber of 1 litre capacity. The 
20 inlet in the outer chamber may deliver fluid directly to a mouth within the porous 
inner chamber. Alternatively, the mouth of the Inlet is in the wall of the outer • 
chamber, outside the porous chamber, in another embodiment, there are inlets in 
both these positions. 

The outlet is desirably located outside the porous chamber. The outlet may 
25 be a tube having a mouth In the outer chamber, outside the porous chamber, and 
leading outside the outer chamber. The tube may lead to an expansion chamber 
for a RESS particle precipitation for example. Alternatively, the outlet may be 
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directly connected to a nozzle for solution expansion. 

The- means for creating turbulence may include a stirrer located within the 
chamber and driving means to drive the stirrer, or rotation of the chamber itself. 

The driving means may be a magnetic stirrer driver which is preferably 
5 capable of rotating the stirrer at speeds of 500 to 4000 rpm while the chamber is 
pressurised with dense gas. About 800 rpm is one useful speed of rotation. 

In another form, the driving means is a magnetic driver which rotates the 
porous inner chamber about an axis. To effect sufRclent turbulence within the 
chamber, the rotation speed of the inner chamber is preferably 200 rpm to 
10 3000 rpm and more preferably 500-1500 rpm, and most preferably around 
800 rpm. 

To further Increase turbulence, the outer chamber may further Include 
baffles on Its interior surface. These baffles extend from the interior surface of the 
outer chamber and may extend to be in the proximity of the inner chamber. The 
15 baffles increase turbulence within the outer chamber during operation and It Is 
believed that this turbulence reduces the tendency of the solvent to move towards 
the walls of the outer chamber. 

The substance may be in a solid phase and It may be In particulate fomn. 
Preferably, the resulting solution is used in a dense gas or superoritical fluid 
20 process. The porous chiamber may be provided with a plug to hold the solute 
against the base of the chamber. The plug may be a planar element (of the same 
cross-sectional shape as the chamber) abutting the sides of the porous chamber 
held against the solute by a resilient biasing means, such as a spring. 

In use, the solvent is fed continuously into the outer chamber, creating a 
25 higher pressure which uiges the solvent into contact with the solute in the Inner 
chamber. The resulting solution then passes through or is drawn through the 
outlet. Hence the solute is transferred in solution from the porous chamber where 
it is extracted from the outer chamber. 



A preferred use of the invention is the formation of fine particles of the 
substance from a substance/dense gas solution. This applies to the GAS process, 
or Its variations, and also the RESS process described above. This alleviates a 
significant problem In scaling-up and making these processes continuous. In the 
RESS process, the solution passing from the porous chamber through the pores 
Into the outer chamber may be permitted to flow out of the outer chamber under its 
own pressure through a valve at the outlet at a controlled rate such that It 
expands, thus precipitating fine particles of the substance. 

In one preferred use of the Invention, the substance Is located in the porous 
stainless steel chamber and the outer chamber is then pressurised by dense fluid 
being introduced into the environment around the inner chamber, defined by the 
outer chamber. The flow rate of the dense fluid can be adjusted to optimise 
particle dissolution. In some cases, it may be desirable to have a mixture of dense 
gases or a modified dense gas (ie. a mixture of dense gas and modifier). The 
stirrer or rotating porous chamber creates rapid movement of particles of the 
substance and fluids within the porous chamber. It also induces convection within 
the porous chamber and effectively increases the available surface area of the 
solute. In this turbulent environment, the solid phase substance dissolves in the 
dense gas, and then flows out as the dense gas/solute "solutfon" from the porous 
chamber through the sintered pores, and then through the outlet. 

In another prefened form of the invention, the dense fluid is introduced 
through an axial shaft directly into the porous chamber. Thus with the rotatfon of 
the porous chamber, there is a forced convection flow of dense fluid, which may 
be CO2, into the chamber and through the porous walls of the chamber. As the 
dense fluid is delivered to the porous chamber under critical or near critical 
conditions. It contacts and fomis a solution with the solute. The conveclive flow of 
the dense fluidysolute 'solution" though the chamber walls is then passed to the 
outlet of the outer chamber. 

In a prefen^d form of the Invention, the porous chamber is provided 
with a longitudinally extending shaft which defines an annular region In the porous 
chamber. The solute is positioned within ^e annular region and dense fluid fed 



10 



15 



into tne longitua.naiiy extending shaft. The shaft is porous or perforated to allow 
contact of the dense fluid and solute over the length of shaft in contact with solute 
This arrangement further increases the available contact surface area for the 
dense fluid to diffuse into solute bed. This arrangement has the benefit of 
providing forced convective flow of dense fluid through the porous wall and 
increased passage of gas through the packed solute in the annular region. 

Without being bound by any particular theory or mode of action it is 
believed that the hydrodynamics within a chamber of known apparatus are a 
constraint on particle generation. In the apparatus of the invention, the rotating 
chamber or sUrrer increases turbulence within the chamber which, in turn 
decreases the size of the boundary layer between particles of the substancJ 
(solute) and the dense gas flowing around it. within which mass transfer is 
severely limited. This aids in increasing the efficiency of contact between solute 
and solvent This therefore enables a significant increase in the limits of the 
maximum flow rate of the solule/dense gas solution in a process otherwise iimited 
by the slowness with which the solute dissolves in the dense gas. Accordingly, in 
one use. particle precipitation processes are quicker and more efficient than 
known processes with use of the invention because dissolution of the substance 
(senate) is quicker. 
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Increased speed of prcxtuction through reduced residence time is an 
important advantage achieved, as a result of the improved contact between the 
dense gas and solute. Further, the apparatus also provides better mass transfer 
There Is also a reduction in time required to achieve saturatton of ^lute in the 
dense gas. The apparatus has the ability of being scaled up to a larger capacity 
25 to run continuously and for longer run times to make it more attractive for industrial 
apirilcabilify. 

One means of making the process at least semi-continuous Is to mn more 
than one apparatus in paraflel operation so that mulHple batches are being 
processed sfmultaneously. 



30 



The invention aiso provides a method for pmdudng fine particies using 



5. 



10 



apparatus according to the invention. The invention aJso provides fine particles 
produced according to the apparatus of the inventtoo. Preferaljly the substance is 
a biologically active substance. More preferably, the substance is a 
phamiaceutical or biological active used for diagnostic or therapeutic purposes. 

In another aspect, the dense fluid comprises a modifying agent to modify 
the polarity of the dense gas. The method of the present invention is capable of 
producing fine particles of the substance, and is particularfy useful for the 
production of fine particles of pH sensitive substances and biologically active 
substances, since the biological activity of such substances may be retained. 

The modifying agent may be present in an amount sufficient to modify the 
dense gas as required for the end use of the dense gas process. 

The dense gas can be at various temperatui«s and pressures. Preferably 
the temperature of the dense gas is In the range of -20»C to about lOO'C. most 
preferably about S-C to about 45-'C. The lower temperatures result in increased 
15 viscosity and reduced mass transfer properties, and this reduces the efficiency of 
the method. High temperatures are more costly to run and may damage the 
substance. Preferably the dense gas has a pressure in the range of abouti barto 
400 bar. A pressure between about 5 to 200 bar is partlcularty preferred. 

The particles produced by the method of the invention may also include 
20 delivery agents such as liposomes, lipids (including phospholipids), water soluble 
polymers, controlled-dellvery coatings, surfactants, phytosterob. and any other 
delivery agents known in the art 

Preferably, at least half. , and more preferably substantially all, of the fine 
particles produced by the method of the Invention have a particle size less than 
25 10.000 nm. More preferably, the fine particles have a size no greater than 6.500 
nm. Particles having a size in the range of up to 5.000 nm are particularly useful 
for administration to the lung. If smaller particles are desired, it Is beneved that the 
method of the present Invention can produce particles down to nanometre size. 



me active suostance is preferably selected from the group consisting of an 
antimicrobial agent, virus, antiviral agent, antifungal phannaceulical. antibiotic, 
nudeobde, DMA. antisense DNA. RNA. antisense RNA, amino add. peptide, 
protein, enzyme, hormones, immune suppressant, protease inhibrtois. 
5 thrombolytic anticoagulant, central nervous system stimulant, decongestant, 
diuretic vasodilator, antipsychotic, neurotransmitter, sedative, anaesthetic, 
surfactant, analgeste, anticancer agent. anti-Inflammatory, antioxidant, 
antihistamine, wtamin, mineral, sterol, phytosterol. lipid and esters of fatty acids. 

» 

The active substance may also be selected from proteins, polypeptides. 
10 peptides, peptide analogs or peptide mimellcs. IVIost preferably, the pH^sensitive, 

biologically active substance is selected from the proteins Insulin, erythropoetln. 

calcitonin. LHRH, somatostain. epidermal growth factors, DNase. platelet derived 

growth factors, interieukins. interferons, cytokines, peptides of immunoglobulins. 

TNF and other biologically active peptides, monoclonal antibodies based on TNF 
15 inhibitors as well as antibodies based on Inhibitors of cytokines and Interieukins. 

In a second aspect, the present invention provides a pharmaceutical 
composition comprising particles of the active substance produced by the method 
of the present Invention. 

The phannaceutical composition is preferably in a fomi suitable for 
20 inhalation delivery, for example, for delivery by a metered dose inhaler or a 
nebuliser. Further, a transdermal delivery system may be used (eg, recent 
devices involving laser-generated or hlgh-pressure dermal channels) and more 
traditional parenteral administration. 

In a third aspect, the present invention provides a method of treatment of a 
25 subject, the method comprising administering to the subject, an effective amount 
of particles of a biologically active substance produced by the method or 
apparatus of the present invention. 



Further, the use of such an apparatus allows higher yield and recovery of 
particles per mn. the ability to process more material per mn with longer run times. 



ail OT wnicn leaa to a more efficient process and greater proaucoon capacny. 



Such an apparatus can be readily scaled up to process larger aniounts of 
material. 

The performance of the apparatus nrwy be further enhanced by vibration 
and/or sonlcatlon/ultrasonication of the precipitation chamber. Again, without 
being limited to a mode of action, it is believed that this increases turbulence which 
increases efficacy. Other means of increasing turtjulence may therefore be 
provided. 

In the description, the term "dense gas" means a fluid near or above its 
critical pressure (Pc) and temperature (Tc). In practice, the pressure of the fluid Is 
likely to be in the range (0.5 - 1..5)Pc and its temperature (0.5 - 1.2)Tc. The temis 
"dense fluid" and "expanded fluid" are used synonymously. 

It will be understood that the tenn "comprises" (or its grammatical variants) 
as used in this specification Is equivalent to the term "Includes" and should not be 
taken as excluding the presence of other elements or features. 

The method of the present invention, in Its prefen-ed fomis. may provide 
one or more of the following advantages: 

1. Increased and quicker solubility of a desired solute in a solvent, 
especially for use downstream In another process; 

2. dnjg particle fomiation in the absence of organic solvents which can 
be expensive to handle and fully extract; 

3. increased efficiency of dense gas and supercritical fluid processes 
through greater and quicker generation of solutions, particularly solutions 
closer to saturation. 

Brief Description of Dravfings 

In order that the invention may be mor& readily understood, we provide the 
following non-limiting embodiments as examples. 
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Figure 1 is a schematic diagram of a prior art process; 



Figure 2 Is a schematic diagram of an embodiment of an apparatus that 
may be used In ^e process of tiie present Invention; 

Figure 3 is a schematic diagram of an enlarged part of the apparatus shown 
5 in Figure 2; 

Figures 4 (a) to (c) are schematic diagrams of alternative dense fluid and 
solution transfer paths in accordance with the invention; and 

Figures 5 (a) to (e) is a series of diagrams aiustrating the progressive 
contact of solute and dense fluid In the apparatus of the present invention. 

10 In this embodiment of the invention shown In Rgure 2, there rs provided an 

autoclave or outer .chamber 1 in which a porous inner chamber 2. the walls of 
which are preferably made from sintered metal such as stainless steel, fs located. 
A means to create turijulence is provided. In the embodiment of Figure 2. the 
turt5ulence is provided by the chamber being mounted on a rotatable mount 3 

15 which can be rotated at speeds of 200 to 3000 rpm. In an alternative embodiment 
the turt3ulence may be a stining mechanism which may be magnetic, with a drive 
assembly located outside autoclave 1. and tiie stirrer itself located within porous 
chamber 2. 



There is also provided (but not shown) an inlet for solvent Into autoclave 1. 
Solvent such as CO2 may be Introduced tiirough this inlet to space 7. The solute 
Is pre-loaded Into porous chamber 2 wittiln autoclave 1 before the commencement 
of the dissolution process. 



In Figure 3, an Internal side view of chamber 2 is shown. This shows the 
porous metal wall 4 of tiie chamber 2 wftti pore sizes of, for example. 1 to 5 
microns. A resilient biasing means, namely spring 6. Is located above a Teflon® 
plug 5 so as to maintain the as yet undissolved solute in a compact fonriation. 

In use, solute is loaded Into chamber 2. The chamber Is tiien agitated to 
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• increase turbulence, primarily by rotation, either of the whole chamber itself, or a 
stirrer assembly within the chamber driven magnetically by an external drive 
assembly. This creates turbulence withfn chamber 2. Turbulence may also be 
created, or may be increased, by sonicatlon or agitation of the entire apparatus. 

Additionally, the inner surface of the outer chamber 1 may be provided with 
baffles 8 which It is believed to Increase turbulence and reduces circulating 
currents of solvent fomiing dose to the Inner surface of the outer chamber and 
thereby improve mass transfer of the solvent to the walls of the inner chamber. 
These baffles 8 shown as 5mm perpendicular plates preferably extend from the 
outer chamber across the gap and may even extend to dose proximity to the inner 
chamber. There may be any number of baffles with 2 shown In Figure 2. These 
baffles are preferably spaced evenly around the inner wall of the outer chamber 1 . 

In the embodiment shown In Figure 4(a) through an Inlet (not shown) in the 
side or top wall 11. sohrent is added to the autodave 1 such that It reaches near 
critical or supercritical temperature and pressure in the chamber. The dense gas 
solvent pemieates through the walls of the porous chamber where it contacts and 
dissolves some solute and then the resulting solution diffuses out Into the 
autodave space 7 surrounding the chamber. Hence, a bi-directional flow of both 
solute and dense fluid Is established. The solution Is then passed through an outlet 
20 for predpitatbn. 

In Rgure 5. the flow of dense fluid into the porous chamber and out of the 
outer chamber is shown. In Figure 5 (a), the porous chamber Is full and 
progressively empties (Figures 5 (b) to (d) until it is empty (Rgure 5 (e)). 
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In the embodiment shown In Rgure 4 (b). the dense fluid is Introduced 
through an axial shaft 10 directly into the porous chamber 2. With the rotation of 
the porous chamber 2, there is a forced convection flow of dense fluid, into the 
chamber 2 and through the porous walls of the chamber. As the dense fluid is 
delivered to the porous chamber under critical or near critical conditions, it 
contacts and fomis a solution with the solute. The convecHve flow of the dense 
30 fluid/solute solution through the chamber walls to outer chamber space 7 is then 
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passed to the outlet of the outer chamber. 



In an embodiment of the invention shown In Figure 4 (c). the porous 
chamber 2 is provided with a longitudinally extending shaft 12 which defines an 
annular region 13 In the porous chamber 2. The solute is positioned within the 
annular region 13 and dense fluid fed Into the longitudinally extending shaft 12. 
The shaft 12 is porous or perforated to allow contact of the dense fluid and solute 
over the length of shaft in contact with solute. This arrangement further Increases 
j the available contact surface area for the dense fluid to diffuse into solute bed. 

' This an-angement has the benefit of providing forced convective flow of dense fluid 

10 through the porous wall and increased passage of gas through the pacl<ed solute 
In the annular region. 

The depressurisation after this point may occur through an exit nozzle 8 to 
facilitate precipitation of the solute out of solution Into fine particles which may then 
be recovered. Alternatively, the solution may be kept at temperature and/or 
15 pressure well above atmospheric for further processing downstream of this 
dissolution apparatus. 

While suitable for any of the proteins mentioned above, the examples 
Illustrating the invention are described using ibuprofen and simvastatin as the 
desired active ingredient. Similariy. for the purposes of illustration, the examples 
describe the use of CO2 as the anti-solvent These compounds represent a highly 
CO2 soluble and pooriy CO2 soluble compound respectively. 
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Example 1 

A quantity of ibuprofen was added to the inner porous chamber of the 
apparatus shown in Figure 2 and the plug put in place. CO2 was then introduced 
25 continuously into the outer chamber. Table 1 shows the process conditions for the • 
Example and results of the Example. 



Table 1 - Ibuprofen HiG RESS Processing Resulte 



vrompouno 


Ibuprofen 


MW, gmol 


206.3 


Equilibrium solubWty in COa mole fraction 


3.20E-03 


Temperature. *C 


38.5 


Pressure, bar 


150 


Stimng Speed, rpm " " 


800 


COa Flowrate, ml/m&i " 


50 ±20 


Total Volume of CO2. L 


6 


Mass of Product Jnftiaify, g 


7.5 


Mass of product collected, g 


4.35 


Recover. % 


58 


Processing Effidency. g product/L CO2 


1.25 


Dynamic Solubility, HIG RESS 


3.14E-04 


Nozzle Diameter, mm 


2 



The dynamic solubility is considerably lower than the equilibrium solution. 
This is because the equilibrium solubility Is obtained at ideal conditions. The 
dynamic solubility for the small scale (or conventional) processing are unavailable. 
5 The volume of CO2 passed through the HIG RESS trials was more than required to 
process the ibuprofen, hence the efficiency is lower. Overall recovery is low since 
a lot of product was lost through the 0.5 micron filter. This indicates that a 
considerable amount of product had a particle size of <0.5 jim. 

Example 2 

10 A similar Example was run for simvastatin. Simvastatin is a solid 

phamiaceutlcal at nornial temperature and pressure, which is used therapeutically 
as an HMG^A reductase inhibitor. It Is readily available commercially. Liquid 
carbon dioxide (Industrial Grade 99.95%) is avaHabie from BOC Gases. 
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The simvastatin is heated in the chamber and held with minimal gap 
between the top of the powder and the Teflon® plug by the spring. CO2 is added 
to the autoclave sumounding the chamber as a dense gas and the chamber spun 
at 800 rpm. 



14 



Fresh dense gas is added and gas from the autoclave is extracted by its 
own pressure through an escape nozzle. This gas has dissolved simvastatin in it 
for further processing. 



Example 2 
5 Table 2 



Compound 


Simvastatin 


MW, gmol 


418.2 


Equilfbrlum splubllrly in CO2. dynamic smaD" 

9**axo, iiiuia iraCuOn 


6.60E-06 


Temperature, *C 


"465 


Pressure, bar 


160 


Stirring Speed, rpm 


800 


CO2 Rowrate. ml/min 


40±5 


Total Volume of CO2 . L 


25,87 


Mass of Product iniUalJy, g " 


5.51 


Mass of product collected, g 


4.86 ' 


Recover, % " — 


88 


Processing Efficiency, g product/L CO2 ' 


0:21 • 


HIG RESS Processing solubflfty. mole fraction 


2.64E-05 


Efficiency Improvement over conventional. % 


299 


Nozzle Diameter, mm 


2 



The efficiency gain fs compared to a dynamic rig using a packed bed versus 
the HiG RESS rotating cylinder technique and is thus more representative of the 
) potential efficiency gain for dynamic processing. 

It will be understood that the Invention discbsed and defined in this 
specification extends to all alternative combinations oflwo or more of the 
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individual features mentioned or evident from the text or drawings. Ail of 
these different comblnatfons constitute various altemative aspects of the invention. 
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By its Registered Patent Attorneys 

Freehills Carter Smith Beadle q April 2003 
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